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NATTONAL ADVISORY-bOMMITTEE‘FOR AERONAUTICS
RESEARCH MEMORANDUM
INVESTIGATION OF LIQULD. FLUORINE AND HXDRAZINE-AMMONIA MIXTURE
IN 100-POUND-THRUST ROCKET ENGINE

By Paul M. Ordin, Edward A. Rothenberg, and William H. Rowe

-

SUMMARY ™~

Specific.impulses characteristic velocity, thrust coefficient, and . »-
heat rejection of liquid ‘fluorine anll a fuel con31sting of a hydrazine-
ammonia mixture were determined for e rangeof fuel percentages (fuel to
total propellant flow) in a 100-pound- thrust ‘rocket engine designed for
a combustion-chamber pressure of 300 pounds per square inch absolute.
The fuel consisted of 59 percent hydrazine, 37 percent ammonia, and
4 percent water.

rrz

The maximum experimental specific impulse was 277 pound-seconds per
pound (88 percent of the theoretical value) at 37 weight percent fuel and -
was obtained with s one fuel - one oxidant impinging-jet injJector in a
50 L.* engine. Wﬁqn & turbulence coil was placed in front of the injector,
the performance was ilncréased over the range of 17 to 35 weight percent
fuel but the maximum performance was 276 pound-seconds per pound at
33 weight percent fuel. The correction for the heat rejection and for
deviations from the reference combustion-chamber pressure raised the
specific. impulse obtalned with the one fuel - one oxidant impinging-Jet
injector with a turbulence coil to 284 pound-seconds per pound, approxi-
mately 94 percent of the theoretical value for the nozzle and fuel used.
The specifie impulse for the one fuel - one oxidant impinging-jet inJec-
tor without the turbulence coil was increased to 282 pound-seconds per
pound by the corrections.

The experimental charscteristic velocity with the one fuel - one
oxidant impinging-Jjet injector reached a maximum of 6680 feet per second
(94 percent of the theoretical value) at 34 weight percent fuel. The
experimental characteristic velocity with the one fuel - one oxidant
impinging-Jjet injector with turbulence coil was increased over the entire
fuel-oxidant range with a maximum of 6820 feet per second (96 percent of ;
the theoretical value) at 33 weight percent fuel. The maximum experi-
mental thrust coefficient obtained from the curve drawn through all the
experimental points was 1.30, 92 percent of the theoretical value. Heat
rejection values from 2.0 to 3.6 Btu per second per square inch were
obtained for the 50 L* engine with the impinging-jet turbulence injector
and values from 2.0 to 2.5 Btu per second per square inch with the
impinging-Jjet injector.

The performance obtained wifh a 100 L* engine with a shower-head-
type injector fitted with a turbulence grid was within 4 percent of that
obtained with the impinging-Jet turbulence coil inJjector, while the heat
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rejection was approximately 20 percent lower. No difficultles were
experienced with solid deposits in the engine during the investigation.

INTRODUCTION

It is generally agreed that the desirabllity of using liquid fluorine
as a rocket oxldant is limited to long-range missiles in which high spe-
cific impulse and high bulk densities are prime factors in reducing mis-

sile weight or increasing range. Satisfactory techniques for the handling '

of liquid fluorine have been developed which_indicate that the loading of
a missile with liquid fluorine will not be particularly difficult.

Maximm theoretical specific. impulse values, based on equilibrium
expansion from a combustion-chember pressure of 300 pounds per square inch
absolute for liguid fluorine and liquid oxygen with various fuels are:

Fuel | Hydrogen | Lithium |Hydrazine | 60 percent N2H4 Ammonis | Diborane
Hy Li NoHy 40 percent NHz NH3z BoHg
Oxidant
Fluorine 364 8335 315 313 312 b311
Oxygen cz4g | C318 270 doe3 257 299
(Frozen
expansion)

8Reference 1. -
bReference 2.
CReference 3

Reference 4.

The experimental evaluation of the performance of liguid fluorine
with several of the fuels listed is being conducted at the NACA Lewis
laboratory. The results obtained with liquid fluorine and liquid
diborane are presented in reference 2. Other fuels of interest are
ammonia, hydrazine, mixtures of smmonis in hydrazine, and liquid hydro-
gen. The fuel selected for the experimental investigation reported
hereln was s 37-weight-percent solution of ammonia in hydrazine; the
selection was based on s compromise requlrement of physical and per-
formance properties between liquid ammonia and hydrazine. The advantages
of liquid ammonis as & rocket fuel are its availability, low cost, and
low freezing point whereas the disadvaentages include high vapor pressure,
lower density, and slightly lower performance. Hydrazine as & rocket
fuel has the advantages of higher density, lower vapor pressure, and

higher performsnce with the disadvantages of.a comparatively high freez}ng

point, low availability, and high cost. A list of the properties of
liquid fluorine, ammonia, hydrazine, and & mixture of 37-weight-percent
smmonia in hydrazine is given in teble I. A mixture of 38-weight-percent
emmonia in hydrazine is homogeneous with a melting point of -37. 50 ¢C.

The investigation reported herein was conducted at the NACA Lewis
leboratory with a 100-pound-thrust rocket engine at a combustion-chamber
pressure of 300 pounds per square inch sbsolute. Experimental values
were determined for specific impulse, characteristic velocity, thrust
coefficient, and heat rejection for a renge of fuel percentages. The




TL92

NACA RM ES2H22

propeliant injection methods were varied during the investigation in
order to obtain experimental performance comparsble to the theoretical
values. The effects of the injection system on the specific impulse,
characteristic velocity, and heat transfer were observed. In addition,
the characteristic engine length was varied from 50 to 100 inches and
its effect on the performence was chserved.

SYMBOLS
The following symbols are used in this report:
Ag exhaust-nozzle throat ares, sq in. or sq ft

A¢/W  throat area per unit flow rate, sq £t/1b/sec

at velocity of sound at throat, ft/sec

c* cheracteristic veloeity, P, Ay &/Wy + Wp, ft/sec
Cr thrust coefficlent, F/PcAt

B engine thrust, 1b

g gravitational constant, 32.17 £t/sec?

I theoretical specific Impulse

Ieorr experimental specific impulse of rocket engine corrected for heat
rejection, lb-sec/lb

Iexp experimental specific Impulse of rocket engine, F/Wb + We,

Ib-sec/1b

J mechenical equivalent of heat, 778 f£t-1b/Btu

K rate of change of specific impulse with combustion-chamber pres-
SUre, lb}:;siz{Ist

L* charscteristic length, ratio of combustion-chamber volume to nozzle
throat area, in.

M mean molecular weight at nozzle throat, g/mol

Pe combustion-chamber pressure, 1b/sq in. &bs or atm

Py pressure at nozzle throat,lb/sq in. or atm
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Q heat rejection per unit propellant weight, Btu/lb

Te theoretical chanmber temperature, oK

Te theoretical exit temperature, °K

Ts theoretical temperature at nozzle throat, °K

We fuel flow, 1b/sec _ _ _
Wo oxidant flow, lb/sec

5] resultant angle of impinging Jjets with respect to engine axis

AIP change in specific impulse with chamber pressure

1 ideal thermodynsmic cycle efficiency, 1 - Te/Tc

PROPELLANTS

Gaseous fluorine was obtained from an Industrial supplier in com-
mercial gas cylinders. Each cylinder contained about 6 pounds of
98-percent-~pure fluorine under a pressure of approximately 360 pounds
per sguare Inch absolute. The fluorine gas was condensed in a nickel
tank that was immersed in & liquid nitrogen bath.

The fuel used was a mixture of 59 percent hydrazine, 37 percent

smmonis, and 4 percent water. The mixture was prepared by introducing

a welghed amount of commercial hydrazine into a mixing tank. The

required amount of ammonia was then bubbled through the hydrazine. The
nmixing tank was vigorously agitated, then allowed to stand for several
days in order to obtaln a uniform mixture. The composition of the mix-
ture was based on the welghed quantities of ammonia and hydrazine. The
freezing point of the mixture was found to be_-34° C as compared with a
previously published value of -37.5° C for a mixture containing 57.04 per-

cent hydrazine, 38.0 percent ammonia, and 4.96 percent water (reference 4).

APPARATUS

A complete flow diagram of the apparatus used throughout the inves-
tigation is shown in figure 1. Helium, controlled by two-stage preassure
regulation, was used to drive the propellsnts into the combustion chamber.
The pressurizing helium was cooled in a liquid-nitrogen bath before enter-
ing the fluorine supply tank.

N TR
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The fluorine flow system was made up entirely of nickel or monel
tubing and brass fittings. The fluorine flow lines and hand valves were
Jacketed to permit cooling with liquid nitrogen. The ligquid-fluorine
supply tank, immersed in a constant-level liquid-nitrogen bath, was
suspended from a cantilever weighing beam. A photograph of the fluorine
supply system is shown in figure 2. Remote and hand operated valves in
the fluorine system were of the commercial refrigeration type, packless
and with copper-monel seats. Figure 3 is a diagrammatic sketch of the
remote operating mechanism used for the flow-control valves in the
fluorine system.

A closed system was used to transfer the hydrazine-ammonia mixture
from the mixing tank to the supply tank. The supply tank was suspended
from one side of a chemicel balance beam. Enough welght was put on the
other side of the beam to Jjust counterbalance the weight of the empty
fuel tenk. Stainless-steel lines, fittings, and valves were used to
carry the fuel to the rocket engine.

The thrust stand was a bearing-type pivoted stand with the engine
mounted at a downward angle of 30° on the end of one lever arm with the
second lever arm, of equal length, attached to a centilever beam. A
photograph of the thrust stand with & rocket mounted is shown in fig-
ure 4. :

The engine assembly consisted of two units, a water-cooled combus-
tion chamber with & nozzle and a propellant injector. The rocket engines
were designed to deliver 100-pounds thrust at a combustion-chamber pres-
sure of 300 pounds per square inch absolute. The combustion chambers
had characteristic lengths of 50 and 100 inches.

Both the combustion chamber and nozzle were made of either nickel
or brass and were designed for either annular or spiral coolant passages.
A dimensional sketch and a photograph of the nickel annular cooled cham-
ber are shown in figure 5. The combustion chamber end nozzle for the
brass engline were designed to permit 0.004-inch nickel pleting. The
plating was not adherent, and for the several runs made the value of
the throat diameter used in the calculations was 0.561 inch. A pres-
surized supply tenk provided water at a flow rate of 5 to 10 pounds per
second, which was sufficient to cool the engine. A coolant velocity of
approximately 100 feet per second was maintained at the nozzle throat
section.

The performance of a number of different injectors was studied. A
shower-head type injector was used which had 22 fuel holes and 66 oxidant
holes (fig. 6). The shower-head injector was modified by forming a
water-cooled grid of 3/16-inch copper tubing and mounting i1t spproxi-
mately 5/8 inch from the injector face (fig. 7). An impinging-jet
injector consisting of one fuel jet on one oxidant jet with eight palrs
of holes (1-1 injector) was also used (fig. 8). This injector was
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modifled also by the addition of a turbulente coil. The impinging-Jjet
injector with the weter-cooled coll of 3/16—inch copper tubing is shown

in figure 9 (coil A). This coil was later modified slightly to place the
first coil turn approximastely 1/8 inch beyond the impingement point of

the propellant Jets (coil B). An 1mpinging -Jet injector consisting of six
sets of holes each with two oxidant Jets lmpinging on one fuel Jet was
investigated. It was later modifled by the addlition of a deflector plate
to direct the oxidant flow across the inner face of the injector. The '
two oxidant - one fuel impinging-Jjet inJectors are shown in figure 10.

INSTRUMENTAT ION

Propellant fiow. ~ The propellant tanks were . suspended from canti-
lever beams to which strain gages had been ¢emented. The strain gages
were connected in resistance bridge circuits and changes in weight were
recorded as voltage changes on a recording, self-balencing potentiometer.
Matching units permitted full-scale chart readings for three different
weight ranges. A full-scale reading could be obtained at 1, 2, and
4 pounds 1in the fuel system, end 5, 10, and 15 pounds in the fluorine
system.

Dead-welght calibrations on both the fuel and oxidant systems were
made before and after each run. The dead-weight constants were obtained
by recording the number of chart spaces per unit of applied weight. The
average variation in dead-weight constant throughout the entire program
for the fuel and oxidant systems was 0.6 percent. The precision of flow
megsurements for the fuel system was 1.1 percent and for the oxidant
system 1.2 percent.

Thrust measurement., - Thrust was measured by a strain gage mounted
on a cantilever beam and recorded through a resistance-bridge circuilt on
a recording, self-balencing potentiometer. A matching unit provided a
variation of the full-scale range. Full chart scale could be obtained
at 50, 100, or 200 pounds force.

Thrust was determined from the average of dead-weight calibrations
made before and after each run. These calibrations were made without
engine coqlant-water flow; calibrations made with the engine coolant
water were within 1 percent of the values obtained without the coolant
water. The average variation of the dead weilght constant throughout the
entire program was #1.3 percent. The reproduclbility of the experi-
mentally determined thrust, including the variations due to dead-weight
constant and chart reading was within 1.7 percent.
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Pressure and temperature. - Propellant- and coolent-injection pres-
sure and combustion-chamber pressure were measured by Bourdon tube-type
pressure gages. The gages were photographed at a rate of 4 frames per
second during a run. Chamber pressure was also measured by a Bourdon-
tube pressure recorder.

Copper-constantan and iron-constantan thermocouples, the outputs of
which were recorded on self-bslancing potentiometers, were used to meas-
ure propellant-injection temperatures, engine coolant-water inlet and
outlet temperatures, and coll coolant-water inlet and outlet temperatures.
Temperature readings are accurate to within 1 percent.

Coolant flow. - The engine coolant-water flow was measured by a
variable-area orifice meter equipped with an electric transmitter and
recorder. The accuracy of this measurement was within 2 percent.

The coil coolant-water flow was obtalned by plotting weter flow
against the pressure on the coolant supply tank. The water flow was
determined by weighing the water flowing through the coil over a given
time interval.

PROCEDURE

Operations. - Prior to the firing of the rocket engine, 8ll wvalves
and fittings were pressure checked. The entire propellant flow system
was then purged with helium. The hydrazine-smmonia mixture was loeded
through a closed system directly into the fuel-supply tank. The fluorine
cylinder was opened remotely (fig. 2) and gaseous fluorine was condensed
in the liquid-nitrogen-cocoled fluorine-supply tank.

The propellant-supply tanks were pressurized from a remote position.
Liquid nitrogen was passed through the fluorine flow lines until the
lines were at the liquid-nitrogen temperature; the nitrogen flow was
stopped and the fluorine flow valve opened; immedisately thereafter the
fuel flow valve was opened. Ignitlion was spontaneous. After the rum,

15 to 30 seconds duration, both propellant systems were purged with
helium. A helium stmosphere, under about 150 pounds per square inch
pressure, was malntained in the propellant tanks until the next run.

Data presentation. - The specific 'impulse was calculated from the
measured thrust and propellant flow rates. For adisbatic comparisons
with theoretlcal data, the specific impulse values were corrected for
total heat rejection to the combustion-chamber walls and turbulence coil.
The heat rejection was taken as the product of the specific heat of
water, the coolant flow rate, and the temperature difference between the
inlet and ocutlet coolant water. The impulse correction used was a func-
tion of the ideal thermodynamic cycle efficiency and the calculated
total heat rejection and is given by the equation
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An additional correction was applied for any varlation of chamber
pressure from g base of 300 pounds per square inch absolute. Thls cor-
rection, based on the theoretical increase of specific Impulse with
combustion-chanber pressure at optimum area ratios, is approximated by
the equation :

AIP = K log (p/P,)

where Pc is 300 pounds per square inch absolute, p 1s the experimen-
tal valué of the combustion-chamber pressure, and K is 88.65 (fig. 11).

The pressure corrections were less than 2.5 percent of the experimental
specific impulse for the seven runs which had combustion-chamber pres-
sures less than 285 and greater than 315 pounds per squere inch and less
than 1 percent for the remainder of the runs.

Theoretical calculations indicate that for the nozzle used, the
contribution of the pressure thrust was only 1 percent of the ilncreased
total thrust in increasing the combustion-chamber pressure from 300 to
350 pounds per square inch. The increase in specific impulse obtainable
wilth an increase in combustion-chember pressure is almost entirely
caused by the Increase Iin pressure-expansion ratio through the nozzle
(reference 8).

Characteristic velocity and thrust coefficient were also calculated
from experimentally determined values of combustion-chamber pressure,
propeliant flow rate, and thrust. The theoretical characteristic veloc-
1ty was calculated from the expression :

* At
c = -
G

where the throat area per unit flow rate was obtained from the continuity
equation

7 T TR 0 ey

(A_t> 1.3144(Tt)
equil

The veloclty of sound and the nozzle throat conditions for equilibrium
composition were determined by the method described in reference 1 rather
than by the conventional method of using the specific-heat ratics. The
theoretlcal thrust coefficient was obtained from the equation .

Cp = 2§

C

T/ag



27

TL92

NACA RM ES2H22 © CQNFIDENEIAL~—— 9

RESULTS AND DISCUSSION

Specific impulse. - A compilation of the experimental data is given
in table II. The experimental specific impulse is shown In figure 12 for
a propellant mixture range of 16 to 44 weight percent fuel; the theoreti-
cal curve based ‘on equilibrium composition expension is also shown for
comparison. Curves are drawn through the experimental points obtalned
with the 50 L* engine using the 1-1 impinging-Jjet injector, 1-1 impinging-
jet injector with turbulence coil, and shower-head-type injector. The
curve drawn through the points obtained with the 1-1 impinging-jet injec-
tor with turbulence coill gave the maximum results in the region from 17
to 35 weight percent fuel, following the theoreticel curve within 80 to
90 percent. (The theoretical values were calculsted by the method
described in reference 6.) The maximum experimental value for this con-
figuration was 276 pound-seconds per pound end was obtained at 33 weight
percent fuel. The maximum theoretical specific impulse of 313 pound—seconds
per pound is at 28 percent fuel; the stoichiometric ratic is 26.8 percent.

Specific impulse values cbtained with the 50 I* engine and 1-1
impinging-jet injector were lower in the region of 17 to 35 percent fuel
than those obtained when the turbulence coll was used. In the region
greater than 35 weight percent fuel, however, the experimentel performance
with the use of the 1-1 impinging-jet injector without the turbulence coil
was slightly higher than with the coil. The maximum experimental value of
277 pound-seconds per pound at 37 percent fuel was obtained with the 1-1
impinging-jet injector. Since ammonia can be considered as & coolant, the
greater performance obtained in the fuel-rich region is desirable. The use
of a more efficiently designed turbulence coil would probably have given
even higher performance. Two runs made with the L* of the engine increased
to 100 and the impinging-jet injector gave no increase in performance. The
performance obtained with the shower-head-type injector and the 50 L.¥
engine was extremely low throughout the fuel-oxidant range investigated.

A maximum experimental velue of 223 pound-seconds per pound was obtained at
38 percent fuel. When the L* of the engine was increased from 50 to 100,
the performance, indicated by the one run with the shower-head inJjector,
increased from 220 pound-seconds per pound to 246 pound-seconds per pound
at about 34 percent fuel. The maximum specific impulse obtained with the
100 L* engine and shower-head injector fitted with a grid-type turbulence
coll was 266 pound-~seconds per pound as compared with 276 pound-seconds

per pound obtained with the 1-1 impinging-jet turbulence injector in the

50 L* engine.

The theoretical curve corrected for nonparallel flow and for the
composition of the fuel, and the experimental curves corrected for heat
rejection and for deviations from the reference combustion-chamber pres-
sure of 300 pounds per square inch absolute are shown in figure 12(b).

The theoretical curve is lowered a total of approximately 4 percent
because of the 30° divergent angle of the exhaust nozzle and the 4 per-
cent water in the fuel. The corrected theoretical curve indicates a
maximum of 301 pound-seconds per pound at 28 percent fuel. In a compari-
son of Pigures 12(a) and 12(b), it can be seen that the experimental curve

Gﬁﬁg;g&ggégﬁfgﬁﬂg
=Ty
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obtained with the 1-1 impinging-Jjet injector with turbulence coil is
raised by the corrections approximsiely 7 percent 1ln the oxidsnt-rich
region (17 to 25 weight percent fuel) and aboiit 4 percent in the region
from 25 to 40 weight percent fuel. The maximum value of 284 pound-
seconds per pound was obtained at 33 percent fuel (94 percent of the
theoretical value, corrected). The experimental values obtained with
the 1-1 impinging-jet injector are raised approximstely 4 percent in the
region from 17 to 25 weight percent fuel; and about 2 percent from 25 to
40 weight percent fuel. The corrected experimental curves for the 1-1
impinging-jet injector with and without turbulence coil are the same in
the region greater than 35 welght percent fuel. The experimental values
obtained with the shower head and shower head with grid injector are
ralsed approximately 3 percent by the addition of the heat-rejection
corrections. The meximum specific impulse of the 100 L* engine with the
shower head with injector grid increased to 274 pound-seconds per pound
(91 percent of the theoretical value, corrected)

These results indicate that in spite of the high reactivity of
fluorine, engines using this oxidizer require a critically designed
injector for high performance. The difference in specific impulee values
obtained with the impinging-Jjet injectors with and without turbulence
colls (fig. 12) indicates the importance of providing some means of )
increasing the mixing and residence time of the propellants in the roc-
ket chamber. An increase of approximately 3 to 13 percent in specific
impulse in the region of 20 to 33 welght percent fuel was obtalned with
the use of the turbulence coil. In the region from 36 to 43 percent
fuel, the results from the impinging-jet injector are slighitly greater.
Beyond 36 percent fuel, the coll no longer contributes to the mixing of
the propellants and the lower performance is:.a result of the heat loss
to the coil (see table II). The location of the coil with respect to

the injector is important. The coll shown in figure 9 resulted in approx-

imately the same performance as the injector -without the coil. However,
the modified coll with the initial turn 1/8 inch from the impingement
point of the jets (coll B) resulted in the increased performance shown
in figure 12.

The modified arrangement did not give superior performance over the
entire range. ' This can be explained by the following analysis. The
impinging-Jet injectors as shown in figure 8 were designed with the
oxidant flow entering the chamber axially while the fuel entered at a
600 angle. The resultant stream was directed inward towards the center
of the engine at an angle which increased with greater fuel flows. A
plot of the resultant angle of momentum agairist the weight percent fuel
is shown in flgure 13. At weight percent fuels greater than 36, the
angle of the resultant stream was sufficiently large to miss the turbu-
lence coil, thus-resulting in no increase in performance over the plain
impinging-jet injector. The use of an impinging-Jjet turbulence coil
configuration which will cause the impingement of the resultant propel-
lant stream With the coil throughout the compliete fuel-oxidant range
will no doubt increase the performance throughout that range.

2671
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The results obtained with the shower-head-type injector indicate
again the importance of providing sufficient mixing and residence time
for the fluorine and hydrazine-ammonia propellant combination. In the
50 L* engine, the performance remained extremely low; increasing the *
from 50 to 100 to provide greater residence time increased thé perform-
ance approximately 10 percent., In order to further increase the per-
formance, a copper grid (fig. 7) was provided to promote, better mixing
of the propellants. The results obtained with the grid and shower-head
injector combination with the 100 L* engine approached within 4 percent
of the performance obtained with the impinging-Jjet turbulence injector
and 50 L* engine.

Characteristic velocity. - The effect of the injection system on
the characteristic velocity is, of course, similar to the effect on
specific impulse as shown in figure 14. The experimental curves are
drawn through the points obtained in the 50 1* engine with the three
injectors: 1-1 impinging-jet injector with turbulence coil, 1-1 impinging-
jet injector, and shower-head-type Injector. Maximum values of C* were
obtained with the 1-1 impinging-jet injector with turbulence coil. The
peak value of 6820 feet per second was obtained at 33 weight percent
fuel, which compares favorably with the theoretical maximum of 7080 feet
per second at 31 weight percent fuel. In the region from 22 to 40 percent
fuel, experimental values from 90 to 96 percent of the ideal theoretical
values were obtained.

The values of C¥* obtained with the 1-1 impinging-jet injector were
lower in the region from 17 to 37 weight percent fuel than those obtained
when the turbulence coil was used; however, similar values for the two
injectors were obtained at fuel percentages greater than 37 percent. The
two runs made with the use of the impinging-Jjet injector and 100 L*
engine gave no increase in performance. The values of C* for the shower-
head injector and 50 L* engine were low throughout the fuel-oxidant range
investigated. The use of the shower-head injector with the 100 L* engine
resulted in an increase in performence from sbout 5820 to 6260 feet per
second at 34 percent fuel. The results of the three runs with the tur-
bulence grid placed in front of the shower-head injector of the 100 *
engine were within 2 percent of the values cbtained with the impinging-
Jet turbulence injector in the 50 * engine. The peak value obtained
was 6710 feet per second at 35 weight percent fuel.

Maximum experimental velues of c* from 92 to 96 percent of the
theoretical values were obtained as compared with the 80 to 90 for the
specific impulse and 88 to 92 for the thrust coefficlent.

A plot of the thrust coefficient Cp against welght percent fuel
is shown 1n figure 15. The maximum experimental value of Cg obtained
was 1.30 at 32 weight percent fuel, which compared with the theoretically
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calculated value of 1l.42. Measurements of the engine-throat dilameter,
which were taken Immediately after running, indicated no change. The
deviation of the experimental values of Cp from the theoretical values
may be due to the nozzle divergence and heat transfer to the nozzle wall
which could result in nonideal equilibrium conditions.

Heat rejection. - The values of heat rejection in Btu per second per
square inch agalnst weight percent fuel for the engine configurations
used are shown in figure 16(a). The heat rejection to the coll of the
impinging-jet-turbulence injector remained constant at approximately
4 Btu per second per square inch from 17 to 30 weight percent fuel and
decreased to approximetely 2.5 Btu per second per square inch at 39 per-
cent fuel. The low values of heat rejection occurred at fuel percentages
greater than 36 percént, the value at which the resultant propellant
streams missed the turbulence coll. Heat rejections of 2.5 to 3.4 Btu
per second per square inch were obteined from the 50 I* engine in which
the impinging-jet turbulence coil injector was used. Lower values of
heat rejection, from 2 0 to 2.5 Btu per second per sguare inch were
obtained for the 50 I* engine in which the 1-1 impinging- jet inJector
was used.

. The heat rejections to the 50 I* engine in which the shower-head
injector was used were less than 1 Btu per second per square inch. The
total heat rejections to the impinging-jet turbulence coil injector with

the 50 L* engine and shower head with grid with the 100 L* engine are
given in figure 16(b); also included are the theoretical chamber tem-
peratures. The total heat rejection for the impinging-jet turbulence
coil with the 50 I¥* engine configuration varied from 3.6 at 20 percent
fuel to 2.0 Btu per second per square inch at 43 percent fuel. The total
heat rejection for the shower head with grid with the 100 1* englne con-
figurstion as drawn through the three experimental points varied from

2 Btu per second per square inch at 16 percent fuel to 2.4 Btu per
second per square inch at 35 percent fuel. The heat rejection obtained
with the shower-head with grid with the 100 L¥* engine was almost 20 per-
cent lower than that of the impinging-Jet turbulence coil with the 50 ¥
engine while the meximum experimental specific impulse value was within
4 percent. These preliminary results with the shower-head with grid B
injector and the 100 L¥* engine indicate that additional studies of such
a configuration may be warranted in an effort to obtain high performance
with minimum cooling reguirements.

The theoretical chamber temperature increased from 3320° K at 16 per-
cent fuel to a maximum of 4380° K at 26 percefit fuel. The exlt tempera-
ture calculated for equilibrium composition increased from 1540° K at
16 percent fuel to & maximum of 3180° K at 27 percent fuel.
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The only injector burnouts experienced were with an impinging-Jjet
injector consisting of two oxidant jets impinging on one fuel Jet
(fig. 10). Two runs were made but In each case the injector burned
within the first three seconds of operation. The burning was initiated
in the center portion of the injector. In an attempt to eliminate the
burning of the two oxidant - one fuel impinging-jet injector, a deflector
plate was intrdduced behind the center portion of the injector face to
provide for more efficient cooling of the surface (fig. 10). One run
was made with this injector but a burnout resulted within the first two
seconds of operation. i

Solid deposits of ammonivm fluoride on the combustion-chamber walls
were noticed when the fuel flow Into the combustion chamber continued
after the fluorine flow appeared to be over. The deposits caused no
difficulty in the operation of the engine.

SUMMARY OF RESULTS

The theoretical performance of the liquid fluorine, 40 percent
ammonia, and 60 percent hydrazine propellant combination was calculated
and experiments were conducted to determine the performesnce of the com-
binations in a 100-pound-thrust rocket engine at a combustion-chamber
pressure of 300 pounds per square inch absolute. The investigation
produced the following results:

1. The peak specific impulse with the impinging-Jjet injector and
50 I ¥ engine was 277 pound-seconds per pound at 37 weight percent fuel.
The use of & turbulence colil with the 1-1 impinging-~jet injector in a
50 L¥ engine resulted in higher specific impulse values in the region
of 17 to 35 weight percent fuel (where resultant propellant streams
impinged on the coil) than the values obtained with the impinging-Jjet
injector without a coill. The meximum specific impulse with the impinging-
Jet turbulence injector was 276 pound-seconds per pound and was cobtained
at 33 welght percent fuel.

2. The maximum specific impulse with the impinging-jet turbulence
coil injector increased to approximately 284 pound-seconds per pound when
corrected for the heat loss and small deviations of the combustion-chamber
pressure from 300 pounds per square inch gbsolute. This value is 94 per-
cent of the maximum theoretlical specific impulse for the fuel and nozzle
used. The specific impulse for the impinging-jet injector without the
turbulence coil was Increased to 282 pound-seconds per pound by the
corrections.

3. Runs made with the 50 I¥ engine with a shower-head injector indi-
cated low performence throughout the fuel-oxidant range investigated.
Increasing the mixing and residence time of the propellants with the
shower-head injector by increasing the characteristic length from 50 to
100 inches and installing a turbulence grid resulted in an increase of
epproximately 15 percent in performance.
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4., The experimental charscteristic velocity with the impinging-Jet
turbulence injector and 50 1* engine reached a maximum of 6820 feet per
second at 33 weight percent fuel. The theoretical value of 7090 feet per
second was obtained at 31 weight percent fuel,

5. The experimental thrust coefficient averaged 1.30 as compared
with the theoretical value of 1l.42.

6. The -heat rejection to the engine conf{guration consisting of the
impinging-jet turbulence injector and the 50 Ir engine varied from 2.0 -
to 3.6 Btu per second per square inch. The heat rejection to the
impinging-jet injector and 50 L engine varied from 2.0 to 2.5 Btu per
second. per square inch.

7. The heat rejection to the shower-head turbulence-grid injector
with the 100 I* engine varied from 2.0 to 2.4 Btu per second per sguere
inch; this value was as much as 20 percent lower than that obtained with
the impinging-jet turbulence injector and .the 50 L engine while the _
performance obtained was within 4 percent. _ o

8. Solid deposits of ammonium fluoride were obtained on the
combustion-chamber wall but caused no difficulty in the operation of
the engine. : _.

CONCLUSION

The attaimment of maximum performance with liquld fluorine as the
rocket oxidant requires a critical study of injector design in spite of
its very high chemilcal reactivity.

Lewis Flight Propulsion lLaboratory
National Advisory Commitiee for Aeronautics
Cleveland, Chio
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TABLE I - PHYSICAL PROPERTIES

Bol ling Meiviog Denslty Critical |Critical |Vapar preseure | Bpeoifio heat Heat of Refarencs

A%

point point ) tempora- |pressure vaporisation
c) | (a/ea) (%) [(em) | (%) (o 1c)
(%) (%) ( o (atm) ) | (oalsmo (%) | (koal/mode)
Liquid ~33.4 ~T7.7 =30 0.677 132 111.5 ~54 0.957 -80 . 17.799 ~33.4 B.58 3
esmonia 0 .838 0 4,238 0 138.666 -
.20 .810 100 | 81.81€6 20 19.125.
130 [108.813 | 100 £5.16
BEydraxine 113.5 1.5 15 1.011 380 145 56 0.095 | 26 £25.55 £5.1 -10.0 3
118.5 1.0
170 5.0
300 | 86.0
Amacnin- | (56 peroent | (38 percent| (40.1 percent (86 peroent ' 5
hydrasine |ammonia} ammonia ammmi.l& a
mixture =19 -57. -25.0 . 888 4] 2.70
, : ' -7.8 |" .B72 14 4.21!
6.0 | .BRE 50 8.75"
18.8 842 50 | 11.41
35.0 .B28 70 | 18.50 .
Iiquid ~188 -218 -196 1.888 =129 56 ~186 0.51 ~21% 10.88 -187.8 1.61 a
finarine -188 1.00
-183 1.40
%
' =
-
4
(8]
. 's » . .
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TABLE T - SUMMARY OF FERPORMANCE OF LIQUID FLUORINE AND A HYDRAZINX-AMMONIA MIXTURE CONBISTING OF
57 PERCENT AMMONIA, 59 PERCENT HYIRAZINK, AND 4 PERCENT WATER WCA
T
Fun | Injector|Engina |Puel flow|Oxidant |Total [Ratio Thrust |Exparimental| Combustlon- Exporimsntel {Expari- (Experl-|Heat Hont
time | design (chearas- |{1b/sec) [flow propel- |of fuel {1b) |epeoific chamber heat specific mental |mental |reJectdon|rsjection
(mao terdotic {1b/m=a) |lant [welght impulee | pressure . [redeation|impulse charac- |thrust |to snglne|to coll
length Flow to total {ib-sec/ib) |{ib/Bq in. mbs) |{Bfw/mec)|corracted tariacin ocel- | (Biu/sea) |{Bhi/E80,;
L* (1n/aec]ruel pins {1b-sec/1b} |velooity|ficlent
axlidant o
welght (£t/rec)
11 1-1 6O 0,08882 [0.36683 |O,4581 | 0.21g3 94.11 08,3 310 50.11 210.98 52468 1.863 60,1
18 1-1 B0 00257 447 A5 TS 2117 94.96 217.2 299 62.78 224.7 8278 1.385 62.78
18 1-1 B8O 21422 2580 »3802 STd0 106.40 277.2 327 69 .80 278.8 6640 1.348 .
19 1-1 20 1154 2580 53524 .5218 91,78 260.4 308 T2.41 pe6.8 8682 1.853 72.41
28 11 50 1138 L2408 5547 L3811 94,02 a87.8 307 72.00 272.8 1212 1.808 72.5Q
27 1-1 =0 1620 .2101 5785 .y a7.53 255.1 230 B5.70 242,08 8014 1.2E8 56.70
28 1-1 &G .1818 .1870 3488 4838 84.16 241 .4 285 80,171 £51.2 6812 1.250 60.71
PR 1-1 BO W1 |, L2108 L3630 4028 86,88 240.4 288 68,81 £48 .8 8234 1.25) 5§.81
13 |1-1-CB 50 0776 3843 4kl9 1768 85.30 185.0 2a7 B80.72 f1e.2 BO18 1,38 99.88
28 11-c2 | ® 321 | 2589 | L3720 | .(EEBL | 102,30 275.0 515 £9.20 83,2 gges 11322 | eE.Ep
21 1-1 100 .1Ba7 £176 . 4564 96.69 241.5 305 80,20 245.8 80564 1,283 80.20
20 1-1 100 11524 8358 3682 .3818 98,80 2689.3 309 22,23 £T6,2 6683 1.288 92.23
50 0760 L5086 L5845 .1850 87.78 £228.8 290 140,50 248, 6 BazT 1.281 98.8Q 42,00
50 .03886 2530 <3649 .36815 08.40 269.7 325 114.20 276.6 8840 1.2680 81.50 32.70
80 +DBET 8611 L5498 2828 88,40 212 310 148,50 281 .4 8848 1.2682 108.00 40,50
50 20763 5654 4417 778 289,50 202.6 208 182,60 258.3 8181 1.284 141.80 41.10
50 1088 2553 3828 3020 96,80 284.0 305 138,85 R15.7 6500 1,510 24,76 45,80
50. 1512 2180 5702 4080 94.59 2558 306 90.40 265 .4 8388 1.286 54.60 25,80
50 <1314 2188 3602 5780 84.50 260,08 302 103.30 279.2 6564 1,504 78.B0 26.80
5C .08%2 2787 5819 L2500 89.54 245.9 225 1s2,1p0 280,80 154 1,270 ag.10 44,00
50 0908 . 2580 3480 «2800 92.10 264.0 279 108.00 £275.4 6510 1.306 8] .40 26.80
50 L1418 .1980 8:3-3:13 .4188 TE . &8 222.3 266 28.74 30,8 6027 1.188 28.
50 .08510 .ASLle .5 .1807 101.10 185.2 540 27.88 1981.% 4988 1.246 27.
B0 L1158 3812 4BEB 2507 88.82 200,5 343 28,98 187.8 8551 1.210
-] L1568 27 L4187 5502 81.%8 221.4 305 17.82 222,12 ERAD 1,25)
i_ﬂ’ g;lnl'u' 100 #1443 2767 4210 5428 103.70 246.3 532 38.08 48, 6RE8 1.265
oirer-~
grid 100 .0828 » 3543 JABTL 1894 93.86 214.3 507 116.7% £29.0 5586 1,236 8.19
i gﬂ?ﬂwﬁ 100 L7448 5862 «a707 1582 83.58 180.5 250 115,80 al.l 4900 1,282 87,80 19.10
8 |Shower-
© o gria 100 1550 2497 5047 3510 102.4 266.2 1] 154 .69 274.0 8718 1.275 126.10 8.b8

Ie

Z2HISE W VOWN

iy

TS,

PEEgAAL

L1




St Y e

=}
Remote oparating valve

Pressure regulator

gsure reguletar
Fluorine

—Hydrazine -ammonia mizture

— Aol {gas)

m—TE, OUTR
=—====Tater

====Titrogen (liquid)
T Nitrogen (gas)
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Tigure 2. - Fluorine supply system for 100-pound-thrust £lucrine - hydrazins-ammonia rocket engins.
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Figure 1l. - Theoretical specific impulse of liquid fluorine wilth liquid amwonia and with hydrazine at various combustion-
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Specific impulse, 1lb-sec/lb
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O 50 One-to-one with coil B E
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A 100 Shower head with grid
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(a) Comparison of measured and calculated values.

Figure 12. - Theoretical and experimental specific impulse of liquid fluorine and hydrazine-

ammonia fuel in 100-pound-thrust rocket engilne.
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Specific impulse, lb-sec/lb
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(b} Comparison of corrected experimental and calculated velues.

Filgure 12. - Coficluded. Theoretical and experimental specific impulse of liquid fluorine
and hydrazlne-ammonlia fuel in 100-pound-thrust rocket engine.
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32

Characteristic velocity, C*, ft/sec
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Flgure 14. - Theoretical and experimental characteristic veloelty of liquid fluorine and
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o 50 One-to-cne with ooll B
[ 50 One-to-one with ocoil A
o 50 Shower hesd
1.52 * 100 Shower head,
) A 100 Shower head with grid
—— Theoretiocal; 60 percent hydrazine and
40 percent ammonia
Stolohlometric
1l.44
.____,..--—-‘1"—'_—_'— _""“1\J...____

1.36

Thrust coefficient, Cp

o
o =
L» a C ]
e
1.28 — o D O
| _ A L T~
° -
9)‘ 0 & o
A o
1.20 2
14 18 22 26 30 en 38 12 18 50

Weight percent fuel

Figure 15. -~ Theoretical and experimentsl thrust coefficient of liquid fluorine end hydrazine-ammonia fuel in

100-pound-~thruat rocket engine.
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Heat rajection, Btu/ssc/eq in.
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Figure 18. - Heat rejection of liquid fluorige snd hyQrazine-emmonis fuel in a 100-pound-thrust

rocket englne.
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Total hest rejection, Btu/sec/sq in.
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(b) Heat rejection to complete engine confignratipn and theoretical chamber temperature.

Figure 16. - Conciuded. Heai rejection of liquid fivorine and hydreziné-smmonie fuel in a 100-pound-thrust
rocket engine,
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